Voltage-dependent charge movement has been characterized in arthropod skeletal muscle. Charge movement in scorpion (Centuroides sculpturatus) muscle is distinguishable from that in vertebrate skeletal muscle by criteria of kinetics, voltage dependence, and pharmacology. The function of scorpion charge movement is gating of calcium channels in the sarcolemma, and depolarization-contraction coupling relies on calcium influx through these channels.
Here we describe IQ signals from an arthropod (scorpion) muscle in which depolarization-contraction coupling is abolished in the absence of external calcium (17) . These signals display the properties expected for intramembrane movement of charged voltage sensors for sarcolemmal calcium channels that exist at high density. The same properties distinguish arthropod IQ from its vertebrate counterpart, which underlies coupling across the T-SR junction. Our results indicate that a capacitive gating current indeed confers voltage sensitivity to depolarization-contraction coupling in both arthropod and vertebrate skeletal muscle but show also that the processes gated in the two cases are fundamentally different.
MATERIALS AND METHODS
Experiments were performed on pedipalp closer muscles (18) of Centuroides sculpturatus. Scorpion muscle was chosen because of the pronounced sensitivity of contractile activation to external calcium (17) and the well-developed SR with . ensive regions of T-SR junctions (19) in this muscle type. Its small fiber size and simple T system (20) also give it J.: vorable electrical properties. A standard three-microelecti cde voltage clamp technique (21) provided a measure of membrane current density over the terminal Aum of a muscle fiber where it inserts onto the tendon-like apodeme. ControLed voltage and AV signals were digitized at 10 kHz. Test voltage pulses were followed by control pulses (stored separately) used to subtract linear currents during analysis.
Charge movement (IQ) was measured in a calcium-free medium that minimized time-dependent ionic currents and eliminated contraction. This solution contained 250 mM tetraethylammonium chloride, 7.5 mM RbCl, 10 mM MgCl2, and 10 mM Tris (adjusted to pH 7.0 with HCl). In some experiments 5 mM Cs-EGTA was included, but this did not affect results to be described here. Barium current (IBa was recorded by omitting EGTA and adding 3 mM BaCl2. Substitution of barium for calcium also blocks contraction. Experiments with higher barium concentrations were not possible because of inability of the voltage-clamp method to adequately control membrane potential. is characterized by a small outward transient followed by a large inward current. A rapidly deactivating tail follows the pulse.
RESULTS
Results from the same fiber that were obtained after removal of barium from the medium and addition of 5 mM EGTA are shown in an analogous format in Fig. 1 d-f. Inward current is abolished ( Fig. 1 e and] ). Records in Fig. le were also treated individually to remove time-independent ionic current (6) and then subtracted. The resultant in Fig. lg reveals the outward transient at pulse "ON" and a faster inward "OFF" transient following repolarization. We refer to this signal, analytically generated in this manner, as voltage-dependent charge movement.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Zn, Cd) and by D600 (methoxy derivative of verapamil) and is unaffected by micromolar tetrodotoxin. We have never observed sodium current or tetrodotoxin-sensitivity when working at the fiber ends, even in the presence of 250 mM NaCl.
Charge-movement measurements require that care be taken to avoid residual ionic current through activated calcium channels (22) , especially in calcium-free media (23, 24) . Cobalt blocks IBa (Fig. 2a ), but addition of 5 mM cobalt to the calcium-free medium has no appreciable effect on IQ (Fig. 2b) . Ionic current passing through calcium channels under these conditions and contaminating IQ records must be slight. First, scorpion IQ is kinetically appropriate for gating rapidly activating calcium channels (Fig. 1 c vs. f) . At 70C, the fastest vertebrate T-SR signal from mammalian muscle is slower by a factor of2.5-5 (for ON and OFF respectively; ref. 25) ; that from amphibian muscle is slower still. Differences in T-system geometry cannot account for these large kinetic differences.
Second, the voltage dependence of scorpion IQ (Fig. 3b) is appropriate for calcium-channel gating and quite different from that of IQ in vertebrate muscle. The relation between barium conductance (GB.) and voltage in scorpion is plotted in Fig. 3c , and the voltage dependence is similar to that in Fig.   3b . Data for IQ and GBa from several experiments were fit with a simple two-state model (4, 5) , and results are given in Other possibilities for the functional role of charge movement in scorpion muscle are sodium-and/or potassiumchannel gating. We have characterized the well-developed potassium conductance (GK) in this muscle and find it to be slower and less voltage-dependent than GBa. These and other differences between GK and GBa reinforce our identification of IQ as calcium-channel gating current and will be described elsewhere in detail. Contribution of sodium-channel gating current to our the vertebrate Q.,, the tetracaine-sensitive component hypothesized to be most closely related to T-SR coupling (31, 33) . This seems unlikely, because the slow delayed kinetics of Qy, a striking signature of the phenomenon, bear no resemblance whatsoever to our records. Second, one might suppose that a "missing" slow component of scorpion IQ ,uA/tF at -10 mV (see legend to Fig. 3) , and the value in 3 mM calcium would be at least 200 uA/AF (see above). (38) , an arthropod type closely related to scorpion.
Even if scorpion IQ serves only to gate calcium channels, it still plays an important role in depolarization-contraction coupling. Electrical excitation of a scorpion muscle fiber with a brief current pulse elicits a burst of calcium action potentials that can last for 100 msec or more (17) . This discharge injects a large amount of calcium into the myoplasm from the extracellular space. A calcium influx of 300 juA/kF (see above) would raise total fiber calcium at a rate of 6 ,uM/msec (40 ,um diameter fiber, 4 uF/cm2 capacity). This value approaches calcium-release rates cited for amphibian skeletal muscle (39, 40) and undoubtedly serves as a major source of activator calcium for a single twitch.
Whether or not calcium influx is the sole activator source cannot be answered at present, and additional studies are needed (see ref. 41 ). It remains possible that calcium release from the SR can occur in scorpion muscle under certain conditions, such as tetanic stimulation. The ratio of tetanic/twitch force is very high and a profound post-tetanic potentiation of twitch force exists (17) . Electrophysiological measurements of ICa give no indication that these results are mediated by effects on calcium-channel activation. If calcium release occurs, the mechanisms underlying it are unknown. One possibility is that an internal messenger substance might regulate calcium release in scorpion muscle on this slower time scale, much as inositol trisphosphate appears to do in vertebrate skeletal muscle (42) .
Thus, the nature of charge movement and the mechanism of depolarization-contraction coupling in scorpion muscle, and probably in other calcium-dependent muscle types (43), appear to be fundamentally different from the processes in vertebrate skeletal muscle. IQ in arthropod skeletal muscle gates calcium channels, which rapidly inject activator for contraction. IQ in vertebrate skeletal muscle reflects a different phenomenon, which regulates calcium release by the SR. If T-SR dyad/triad couplings with no obvious morphological differences are the actual sites of depolarization-contraction coupling in both arthropods and vertebrates, and such different mechanisms are operative, it is not surprising that structural studies have failed to yield definitive clues as to mechanisms of transmission. Whether structural parallels reflect mechanistic similarities of any other physiological processes remains to be seen.
Note Added in Proof. Recently, the tetracaine-sensitive component of charge movement in mammalian skeletal muscle has been linked to the gating of voltage-controlled calcium channels in the T system of that preparation (44, 45) . This work was supported by National Institutes of Health Grant NS17510 and Fellowship GM09921.
